Persistent photoconductivity effect (PPC) has been investigated in Cu 2 ZnSnS 4 thin films and solar cells as a function of temperature. An anomalous increase of the PPC decay time with temperature was observed in all samples. The PPC decay time activation energy was found to increase when temperature rises above a crossover value, and also to growth with the increase of the sulphurization temperature and pressure. Both, the anomalous behavior of the PPC decay time and the existence of two different activation energies are explained in terms of local potential fluctuations in the band edges of CZTS.
Introduction
More than 20 companies in the world produce CuIn x Ga 1-x Se (CIGS) based solar cells modules at commercial scale or in earlier stages of production [1, 2] . CIGS exhibits the highest thin film solar cell efficiency [3] . However, due to the increasing price and scarcity high cost of Indium and Gallium, Cu 2 ZnSn(S,Se) 4 (CZTSSe) has been proposed to replace the CIGS absorber layer in order to obtain Indium free thin film solar cells [4] . In the past few years several groups have fabricated CZTSSe-based solar cells and reach power conversion efficiencies of 12.6 % and 9.2 % for CZTSSe [5] and pure sulphur (CZTS) [6] solar cells, respectively. These values are still well below of the predicted theoretical limit of approximately 30 %, indicating the necessity of further studies of the photoelectrical properties of these materials. In fact, the photoelectrical instabilities and metastabilities of CuInGaSe 2 (CIGS) have been well studied [7 -9] . However, the available information about the CZTS photoelectrical properties are still very limited [10 -14] .
has been observed in several semiconductors [15 -18] . PPC provides information on carrier storage and relaxation mechanism in semiconductors materials. Although PPC can be advantageously utilized in photonic devices such as optical switches and others [19 -21] , it causes undesirable effects in solar cells and other devices [22 -24] . Therefore, it is important to understand the origin of PPC for both, fundamental reasons and due to the influence in devices.
PPC in semiconductors materials is often explained by two different models. The large lattice relaxation model (LLR) is based on a strong interaction between the electrons in a defect state and the local lattice configuration in the neighborhood of the defect, such as for DX and EL2 centers [25, 26] . The small capture cross section of the traps prevents, at low temperatures, the capture of photoexcited electrons from the conduction band and leads to the observation of PPC. In contrast, the barrier model relates PPC with local changes of the electrical potential, where the photogenerated electron-hole pairs are spatially separated [17, 27 -29] . In this case, it is necessary to distinguish between intentionally fabricated macroscopic barriers (e.g.: quantum wells, superlattices) [27, 28] , and unintended band bending [17] or random potential fluctuations that can occur in the semiconductor structure [29] .
In this work we report an anomalous PPC effect in several CZTS thin films and a solar cell. Anomalous PPC was observed in samples prepared under different sulphurization conditions of pressure, time and temperature. The measurements were performed on a temperature range between 4.8 K to 300 K and two different activation energies were obtained for the temperature dependence of the PPC decay time. Both, the anomalous behavior of the PPC and the existence of two different activation energies are explained in terms of local potential fluctuations in the band edges of CZTS.
Experimental details
Cu 2 ZnSnS 4 thin films were prepared by sequential deposition of precursor thin layers of Zn, Sn and Cu on a soda-lime glass (SLG) substrate followed by a sulphurization step as reported elsewhere [10, 30, 31] . The precursors were deposited by DC magnetron sputtering and the sulphurization was done by thermal annealing in sulphur vapour atmosphere. Two sets of samples were studied, one was annealed at P = 5 Torr and different temperatures, while a second set was prepared at different sulphur pressures and approximately the same sulphurization temperature. A complete CZTS-based solar cell with the standard SLG/Mo/CZTS/CdS/i-ZnO/ZnO:Al/Ni-Al grids structure was also studied. The growth conditions of the thin films as well as the CZTS absorber layer of the solar cell are summarized in Table I . Table 1 Growth conditions and PPC parameters for the samples of this study. P, T S and t S are the sulphurization pressure, temperature and time, respectively. E L and E H are the characteristic decay time activation energies for the low and high temperature regions, respectively. T c is the crossover temperature between both regions.
Sample
Growth conditions The surface morphology of the samples was studied by Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM), while the structural properties were investigated by Xray diffraction (XRD) and Raman spectroscopy (RS).
For the PPC measurements of the CZTS thin films Au contacts were placed at the edges of 25 mm 2 samples and the current passing through two diagonal contacts was measured as a function of time with a DC applied bias voltage of 100 mV. In the solar cell case, the front and back contacts were used to measure the PPC. The measurements were carried out in the temperature range from 4.8 K to 300 K. A 1.32 eV light emitting diode (LED) with power densities between 14 and 56 W/cm 2 was used as a light source to excite the samples. Figure 1 shows the typical surface's morphology of the thin films as obtained by AFM and SEM. Large grains of about 500 nm were observed next to smaller grains of about 100 nm. The large surface roughness in some areas is possibly due to the removal of unwanted Cu 2-x S phases by KCN etching [25] . Figure 1 (c) shows a typical X-ray diffraction (XRD) pattern of the films, with a preferential (112) orientation. The average crystallite size of the samples was estimated in 146 nm from the full width at half maximum of the XRD patterns peaks and by using the Scherrer's formula [32] . A typical Raman spectrum of the films is also shown in figure 1(d), where Lorentzian functions were used to deconvolute the spectrum into individual Raman peaks. The Raman spectrum is dominated by CZTS peaks, as well as the XRD pattern, although residual amounts of ZnS were also detected [33] .
Results and discussion
Figure 2(a) shows the general behavior of the photoconductivity of sample S28 at 300 K for three different illumination power densities. A rapid increase of the photocurrent can be observed when the illumination from the LED is turned on, reaching a saturation after approximately 40 seconds. When the illumination is turned off the photocurrent decays almost exponentially showing a persistency for more than 100 seconds. An increase in the illumination intensity increases the saturation photocurrent, but does not alter significantly the shape of the decay curves and the decay time constant. Figure 3 shows three PPC decay curves measured for sample S19 at different temperatures. For comparison purposes the PPC current I PPC (t) = I(t) -I dark was normalized to unity at time t = 0 s, when the illumination was turned off. I dark is the dark current, i.e the current level before the illumination was turned on. It should be note that the PPC effect is present in the entire measured temperature range for tens of seconds and it is enhanced as the temperature increases. This is an unexpected result since the opposite behavior has been widely reported by several authors in different materials [16, 18, 34 -36] . The PPC decay curves have been fitted by other authors using different functions [27, 36 -38] . However, in this case, the PPC decays curves show a stretched-exponential behavior described for the whole temperature range with the Kohlrausch expression [39] ,
where  and  are two decay characteristic parameters for each measured temperature.  is the characteristic decay time or relaxation time constant and  (0 <  < 1) is the decay exponent. It is worth nothing that I 0 = I PPC (0) = 1, according the chosen normalization. Fitting of the experimental data of the PPC decay curves with eq. (1) allows the extraction of both,  and  parameters. The inset of Figure 3 shows an Arrhenius plot [=  0 exp(-E A /kT)] of the PPC characteristic decay time of sample S19. The unexpected (anomalous) increase of the characteristic decay time with temperature is evident. Two temperature regions denoted by different values of the activation energy (E A ) can be also observed, with lower activation energy (E L ) value in the low temperature region and higher activation energy (E H ) value in the high temperature region.
The same behavior was observed in all samples, including the solar cell. The activation energies (E L and E H ) for the low and high temperature ranges, as well as the crossover temperature (T c ) between the two regions are summarized in Table 1 . A slight increase of the values of the activation energies E L and E H as well as the crossover temperature T c can be observed as the sulphurization temperature and pressure increases. Figure 4 shows scaled PPC decay curves for the CZTS-based solar cell measured at 100 K after photoexcitation with four different LED power outputs. The scaled time is the ratio t/, being  the characteristic decay time constant obtained for each LED output power. Inset of Figure 4 shows the decay exponent  versus temperature at a fixed LED light intensity. Clearly  shows a propensity to increase with temperature. This behavior was observed in all samples. As we can see in figure 4 all curves have the same stretching, demonstrating the independence between the decay parameter  and the LED output power. The curves were fitted by a single stretched-exponential function with the same value of the decay exponent,  = 0.39. This behavior of PPC decay curves indicates that the origin of the PPC is the same over the entire temperature range studied here.
The anomalous behavior observed for the PPC effect in CZTS can be qualitatively explained in terms of local potential fluctuations in the energy band edges. Electrostatic local potential fluctuations will spatially separate the photo-excited free carriers reducing their probability of recombination giving rise to a PPC effect. These fluctuations could be caused by elevated doping levels and high degree of compensation in the films [10, 40, 41] . In highly compensated materials, such as the CZTS thin films [42, 43] , most defects are ionized and the free carrier concentration is low. Therefore, the random distribution of charged and unscreened defects causes local electrostatic potential fluctuations, which in turn shifts the conduction and valence band edges below and above their positions in a pure uncompensated semiconductor, respectively. A simplified band diagram illustrating these fluctuations is shown in figure 5 . In the figure Deeps of potential wells are random, and while for wells with typical potential depths it is assumed that there are no bound states, this is not the case for deeper wells, which exist in smaller proportion. These deeper wells appear where large clusters of donors or acceptors bend the bands strongly. On the other hand, the potential wells of the conduction band are deeper than those of the valence band because of the small electron effective mass. At low temperatures, photo-excited carriers are distributed in localized tail states in quasiequilibrium. Since the holes (electrons) cannot approach the donor (acceptors) wells too closely, electrons (holes) can only recombine with holes (electrons) localized on distant acceptors (donors), a process with a relatively low probability of occurrence. This process is called tail-impurity (TI) recombination. There are two separate TI recombination channels: a channel related to deeper wells referred to as TI-A [41] and a channel related to shallower wells referred to as TI-B [41] .
We have previously shown that the low temperature optical emission from CZTS thin films present a broad and asymmetric band centered at 1.24 eV [42, 44] . As temperature increases, the band shifts linearly to lower energies. The energy position of the band is also very sensitive to the excitation power, shifting to higher energies as the excitation power increases. The origin of this band can be ascribed mainly to the recombination of electrons localized in tails of the conduction band with holes bound to acceptor impurities (TI transitions), broadened by the presence of local potential fluctuations [40 -42, 44] .
In the photocurrent experiments, at low temperatures, photo-excited carriers remain localized at the local minima and maxima of the conduction and valence bands, respectively. In order to recombine holes are first non-radiatively transferred to the acceptors band, before to recombine radiatively with electrons in tails of the conduction band. Since electrons (holes) cannot approach the acceptors (donors) wells too closely, the localization decreases the recombination probability allowing the PPC effect to take place. However, as temperature slightly increases, the electrons and holes localized in shallow potential wells can drift to deeper wells being more separated and slightly increasing the PPC characteristic decay time with a small thermal activation energy E L . At higher temperatures, above the crossover temperature T c , the local potential fluctuations are reduced and the bands flattened and electrons and holes can only be localized at deep potential wells created by large charge clusters. Under these conditions, the electron and holes pairs are further spatially separated increasing the characteristic decay time with a large thermal activation energy (E H ). This model does not only explains the observed temperature behavior of the PPC characteristic decay time in our experiments, but it is also in agreement with the previously reported photoluminescence studies carried out in similar CZTS thin films [42] . The origin of the local potential fluctuations in CZTS is still unknown. Here electrostatic fluctuations created by charged and unscreened defects were considered. In this case the band edges will remain essentially parallel to each other, but the amplitude of the potential fluctuations in the valence band will be reduced due to the large value of the holes effective mass. This mechanism is only significant in highly doped and strongly compensated materials, as the CZTS thin films, because there are no enough carriers to shield the clusters of charged defects. Nano-scale clusters of Zn Cu anti-site donors have already been reported in CZTS [45] . However, local potential fluctuations are also reported to be caused by compositional fluctuations in sulphur and selenium-based II-VI semiconductor alloys [16, [34] [35] [36] . In this case, fluctuations in the conduction and valences band edges will be opposite, leaving them antiparallel to each other. The observed fact that the decay time activation energies changes with the sulphurization conditions could indicates a correlation with the improvement of the stoichiometry and composition uniformity of the samples. However, the doping level and degree of compensation are also changed by the sulphurization conditions in CZTS [43] .
Conclusions
In summary, photoelectrical properties of several CZTS thin film samples and a CZTS-based solar cell were studied. In particular the persistent photoconductivity effect was observed in these samples and studied as function of temperature. An anomalous behavior of the temperature dependence of the PPC decay time constant was obtained for all samples including the solar cell. The decay constant increases as a function of temperature with an Arrhenius behavior, but with two different activation energies at the low and high temperature regions. The values of the activation energies as well as the crossover temperature between the low and high temperature regions were found to slightly increase with the sulphurization temperature and pressure. The anomalous behavior was attributed to the presence of electrostatic local potential fluctuations in the electronic band structure of the samples. Our results suggest that the electrostatic fluctuations dominate the PPC effect in CZTS thin film, but do not exclude the presence of compositional fluctuations in the samples. With regards to the solar cells, the exact measurement conditions that would allow extracting more information about the generation, transport and recombination mechanism inside and outside of the p-n junction are still to be explored. Therefore, further investigations are needed to better understand the PPC effect in CZTS thin film and solar cells.
